An ecological base flow method is developed to estimate the ecological base flows of Wei River in Shaaxi province. The method considers not only the self purification flow to fulfill the water quality demand, but also the flow demand for the existing aquatic lives' habitat. A water quality model is developed to estimate the self purification flow for four scenarios, including the present emission and other 3 scenarios corresponding to different measurements of pollution treatment. The flow demand of the existing aquatic lives' habitat is calculated by the biological indicator method. By synthesizing these flow demands, the ecological flow of Wei River in Shaanxi province is estimated. The results are also compared with those of other methods, such as the Tennant method, the wetted perimeter method, and the R2ROSS method. It shows that the proposed method has more reliability and is more suitable for the calculation of the ecological base flow of Wei River in Shaanxi province.
Introduction
The Wei River is the largest tributary of the Yellow River, which plays an important role on the ecological and environmental improvement of the Yellow River basin. Wei River drainage area in Shaanxi province is 67.1 thousand square kilometers, accounting for 50% of the total area, which focused on 61% of the population, 56% of the arable land, 72% of the irrigated area and 81% of the industrial output value. In the past decades, the water body of the Wei River is heavily polluted by the excessive Sciences 8 (2011) 1586-1595 1587 pollutant emission. On the other hand, the annual runoff of the Wei River has decreased significantly since the 1980s because of both the natural factors and the human activity. For these reasons, the instream ecosystem of the Wei River has been severely damaged. Most of the aquatic organisms have been endangered. The government and researchers have paid much attention on the issue that how to improve the Wei River's eco-environment. To achieve that, it is urgently necessary to keep a balance between environmental protection and the requirements of water users. Therefore, the ecological base flow determination is of great significance for the Wei River. Generally, the ecological base flow methods can be classified into hydrological, hydraulic rating, habitat simulation, and holistic methods, as well as combinatorial and other approaches [1] . Hydrological methods have the advantages of simple computation and easy handling, which include the Tennant method [2] , 7Q10 method [3] and Texas method [4] . Hydrological methods were developed according to characteristics of natural rivers, and are used as rough verification in most of applications [5] . Hydraulic rating methods, such as wetted perimeter method [6] and R2CROSS method [7] , build simple relationship between the hydraulic indexes and the aquatic lives' habitat. Due to the small data requirement, hydraulic rating methods are widely applied. But the relationships are also concluded from natural rivers. It may fail to assess ecological base flow in regulated river using hydraulic rating methods. With the further study of the ecological base flow, habitat simulation methods [8, 9] , holistic methods [10, 11] and combined methods [12, 13] are developed. By considering more information of the aquatic lives' habitat and the watersheds' characters, such methods can prompt more accuracy estimation results. But the scarceness of riverine ecological data is often the main obstacle in application of these methods.
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In the Wei River, the river flow has been greatly influenced by the human activity, such as reservoirs, channels and urban diversion, which will limit the application of the hydrological methods. Because of the erosion, the shapes of the cross sections are changing continuously, especially in the lower reaches. It will caused estimation errors when adopting hydraulic rating methods. The ecological system in Wei River was severely destroyed by the heavily pollution, which restrict the application of habitat simulation methods, holistic methods and combined methods.
The objective of this research is to develop an ecological base flow method that can be applied to heavily polluted rivers like the Wei River. This method should not only consider the flow demand for the existing aquatic lives' habitat, but also consider the self purification flow to fulfil the water quality demand in order to recover the instream ecosystem of the river. A practical method, named Water Quality Modelling Approach (WQMA) is developed to assess the ecological base flows of such rivers. A comparison study is conducted involving application of also the Tennant method, the minimum monthly discharge method, the wetted perimeter method and the R2ROSS method to five reaches of Wei River to test the reliability of the proposed methods.
Review of the comparative models

Tennant method
The Tennant method [2] , which is also known as the Montana method, assumes that some percentage of the average flow is needed to maintain a healthy stream eco-environment. By examining the cross section data from 11 streams in Montana, Nebraska and Wyoming, Tennant found that the stream width, water velocity and depth all increased rapidly from zero to 10% of the average flow, and the increasing rate declined at flows higher than 10%. It assumed that the water velocity and depth were degraded at less than 10% of the average flow, which would provide for short term survival of most aquatic life forms. Furthermore, 30% of the average flow would provide satisfactory stream width, depth and velocity for most aquatic life forms. 60% of the average flow provides excellent to outstanding habitat for most aquatic life forms during their primary periods of growth. The relationship between the instream flow and the recreation is shown as Table 1 . Severe degradation <10 <10
Wetted perimeter method
Wet perimeter method applies wet perimeter as the indicator to judge a habitat so as to estimate the minimum ecological water flow. To assure the wet perimeter of the habitat is to survive the aquatic lives [14] . Based on the above assumption, wet perimeter will have a direct connection with the aquatic lives' habitat. The minimum ecological base flow can be derived from building the P-Q curve and finding the change points.
The relation of P-Q can be acquired from Manning formula (McCarthy 2003), which can be expressed as
where Q refers to the discharge (m 3 /s); A refers to the cross section area (m 2 ); P refers to the wetted perimeter (m); s refers to the hydraulic gradient; n refers to the roughness coefficient.
The key point of wet perimeter is to determine the change points on the P-Q curves, which is also called catastrophe point. In analytic geometry, change point is defined as: the slope of the curve increases in one side of the point, while descends in the other side of the point. But it is hard to find it in P-Q curve. So when the flow change arouses little change of wet perimeter, the corresponding point is seen as the change point. And the corresponding flow of the first change point is the minimum ecological base flow. Grippe [14] suggested two methods to find the change point. One is that the point should be located in the point where the slope equal to 1, the other is that the point located in the point with maximum slope. Both of the two methods have limitation when the river hasn't stable P-Q curve or the P-Q curve hasn't obvious change point, which still need further study.
R2CROSS method
The R2CROSS method is based on the assumption that a discharge chosen to maintain habitat in the riffle is sufficient to maintain habitat for fish in nearby pools and runs for most life stages of fish and aquatic invertebrates [7] . Three hydraulic parameters: average depth, percent of bankfull wetted perimeter,
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and average water velocity are selected to fulfill the Streamflow requirements for habitat protection in riffles. Criteria for these hydraulic variables were developed in Colorado to quantify the amount of streamflow required for preserving the natural environment to a reasonable degree [15] ,which is shown in Table 2 . The R2CROSS method establishes different streamflow requirements for the summer and winter seasons account for seasonal streamflow variability. According to the recommendations of Colorado, the minimal streamflows should meet or exceed all three hydraulic criteria during the high-flow period in summer and any two of the three hydraulic criteria during the low-flow period in winter.
Methodology
In heavily polluted river, the water quality is the main influence factor for the ecosystem. Aimed to these characteristics, we developed a practical method -Water Quality Modelling Approach (WQMA) to effectively assess ecological base flows of such rivers.
The ecological flow Q h in heavily polluted rivers can be divided in two parts: the self purification flow Q p to fulfil the water quality demands of the ecological systems, the minimum flow Q h to protect the existing aquatic habitat inside the river, which can be express as
where Q e is the ecological flow; Q P is the self purification flow; Q h is the flow for the aquatic habitat.
Owing to the external conditions and the different ecosystem functions, the magnitude of ecological base flow will change for different reaches of the river. The schematic diagram of one dimensional river division is shown as in Fig 1. The estimation procedure of the WQMA can be expressed as follows:
The schematic diagram of one-dimensional river division 1) Based on the eco-environmental protection target, the ecological base flow in the first section Q 0 and the pollutant concentration threshold S i in each section is determined;
2) Taking into account the degradation of pollutant substance along the stream, the ecological base flow for the second section was estimated by the following formula:
in which Q p1 is calculated self purification flow for the second section (m 3 /s); k 0 is the degradation coefficient of pollutant between the first and second section; x i is the distance from the chosen section to the first section (m); u 0 is the average velocity between the first and second section (m/s); m is the number of the sewages between the first and second section; q i is the sewage flow which influx into the river in discharge port i (m 3 /s); s i is the pollutant concentration which influx into the river in discharge port i (mg/L); d i the distance from the sewage i to the second section (m);
3) From the second section to the final section in the lower reaches, the ecological base flow for each section (Q p1 , Q p2 , …, Q pn ) can be estimated in turn by Eq. 3.
4) By investigating the aquatic organisms inside the river, the flow for protecting the aquatic habitat (Q h1 , Q h2 , …, Q hn ) in each section can be estimated by the biological indicator method.
5) Then the ecological flow (Q e1 , Q e2 , …, Q en ) in each section can be estimated by Eq. 2.
Results and analysis
Study area
There are five gauging stations including Linjiacun, Weijiabao, Xianyang, Lintong and Huaxian along the Wei River in Shaanxi province. The location of the gauging stations is shown in Fig 2. The five stations divide the Wei River into five reaches, including Linjiacun-Weijiabao, Weijiabao-Xianyang, Xianyang-Lintong, Lintong-Huaxian and the downstream of Huaxian. The ecological base flow of each gauging stations is estimated to fulfill the water demand of ecosystems in each reaches. 
Self purification flow
The emission of Wei River in Shaanxi province in present situation (2009) is shown in Table 3 . Considering the measurements of pollution treatment, other 3 scenarios in the future are also considered. The scenario of permitted drainage standard assumes that the pollutant concentration of the sewage in each discharge port arrive the national permitted drainage standard. The scenarios of permitted water environment capacity assume the emission of the reaches arrive the water environment capacity for different typical years. The pollutant concentration of the emissions in different scenarios is shown in Table 4 . According to the water function zoning published by the government, the pollutant concentration threshold of each reaches is shown in Table 5 . From the control point of the control value of the river basin administration, the ecological base flow in the first section is set to 2m 
Flow for the aquatic habitat
By investigating the biotic community in Wei River, the carp was chosen as the indicator organism. The acquirement of the carps to the habitat is shown in Table 7 . Based on the acquirement of the carps to the habitat, the flow for the aquatic habitat is calculated and shown in Table 8 . 
Comparative study
From Table 6 and Table 8 , the results of the WQMA in each section can be calculated by Eq. 2, which is shown in Table 9 . For comparison, the results of the Tennant method, wetted perimeter method and R2CROSS method are also shown in Table 9 . The results can be summarized as follows: 1) According to Table 6 and Table 8 , the self purification flow in each section is significantly larger than the flow for the aquatic habitat. The self purification flows of present situation in the five stations are 2 m
Conclusion
We developed an ecological base flow method for heavily polluted river, termed the Water Quality Modelling Approach (WQMA).Concerning both the self purification demand and the aquatic habitat, the ecological flow of the Wei River in Shaanxi province was estimated in this study.
Three scenarios which represent different pollutant treatment measures were also simulated adopting the WQMA. It shows that the ecological flow will be decreased when adopted these measures, while controlling the total amount of emission will be more efficient.
The result of the WQMA was also compared with those of Tennant method, R2ROSS method and wetted perimeter method. It shows the result of WQMA is significant larger than those results. The reason is that it needs more flow for self purification on heavily polluted consequence. Considering both the water quantity and quality, the WQMA is more suitable to simulate the heavily polluted river, such as Wei River.
